1. Background {#sec132156}
=============

Tumor suppressor gene *DLEC1* (deleted in lung and esophageal cancer 1) is located within 3p22-p21.3 and encodes a cytoplasmic protein of 1755 amino acids with approximately 166 kDa of size, and without any significant homology to known proteins or conserved domains ([@A29829R1]). It is robustly expressed in normal tissues yet down-regulated or silenced by DNA hypermethylation in tumor tissues of most organs, including ovary ([@A29829R2]), lung ([@A29829R3]), colon and stomach ([@A29829R4]), breast ([@A29829R5]), liver ([@A29829R6]), kidney ([@A29829R7]), nasopharynx ([@A29829R8]), head and neck ([@A29829R9]), and non-Hodgkin and Hodgkin lymphomas ([@A29829R10]). Moreover, over-expression of *DLEC1* in cancer cell lines, such as HepG2 cells markedly suppresses colony formation, cell growth and cell cycle arrest at the G1 phase, and impairs the invasiveness and tumorigenesis of cancer cells in nude mice ([@A29829R2], [@A29829R6]). However, the functional role of DLEC1 in cell growth and cell cycle arrest at the G1 phase remains unclear.

G1 arrest in cell cycle is known to be strictly regulated by a series of transcriptional factors. One of these transcriptional factors is AP-2α of AP-2 (activator protein 2) family. Other members of this family include AP-2 β, AP-2γ, AP-2δ, and AP-2ε. They are all localized predominantly in the nucleus and are structurally similar, each containing a less conserved proline and glutamine-rich activation domain at N-terminal, a DNA-binding domain, and a unique highly conserved helix-span-helix dimerization domain at C-terminal ([@A29829R11]). Members of AP-2 family can directly activate their target genes by dimerization of the molecules for binding to GC-rich consensus sequences, most frequently the palindromic 5-GCCN~3~GGC-3 in regulatory DNA regions ([@A29829R11]). They can also indirectly regulate their target genes through protein-protein interactions with other transcription factors such as c-CMY, pRB, and p53 ([@A29829R12]). Through these direct and indirect regulations of target genes, AP-2 transcription factors are involved not only in multiple normal physiological activities, including embryogenesis, development, cellular proliferation and differentiation, but also in pathological processes, such as tumorigenesis ([@A29829R13]).

Mainstream studies have suggested that the members of the AP-2 family act as tumor suppressors. In particular, AP-2α has been widely implicated for tumor suppression. During progression to malignant cells, normal breast cells show a gradual loss of AP-2α expression. The down-regulation or absence of AP-2α expression is associated with many cancers such as cutaneous melanomas ([@A29829R14]), breast cancer ([@A29829R15]), oral squamous cell carcinoma, colon ([@A29829R16]), and prostate cancers ([@A29829R17]). In contrast, over-expression of AP-2α is known to suppress cell growth ([@A29829R18]) and induce apoptosis in cell lines of breast cancer ([@A29829R19]), retinoblastoma ([@A29829R20]), and colon and others ([@A29829R21]). Furthermore, AP-2α has been shown to reduce intestinal tumor formation in Apc min mice ([@A29829R22]). Conversely, the dominant negative mutant of AP-2α has been shown to increase invasiveness and tumorigenesis ([@A29829R14]). Therefore, AP-2α seems to function as a bona fide tumor suppressor gene.

However, some other studies suggest that AP-2α may also act as an oncogene. For example, AP-2α expression has been found to be up-regulated in human primary pituitary tumors as compared with normal tissues ([@A29829R23]). AP-2α also up-regulates the expression of proto-oncogene ERBB-2, which is over-expressed in many malignant tumors, such as primary human breast cancers ([@A29829R24]). In addition, it has been shown that over-expression of AP-2α in cells significantly increases cell survival under UVA irradiation ([@A29829R25]), suggesting a protective role of AP-2α against cell death from UV stress. On the other hand, the absence of AP-2α retards cell growth in embryonic ﬁbroblasts ([@A29829R26]). Direct knockdown of AP-2α expression by RNAi dramatically inhibits cancer cell growth in both cell line and animal model of nasopharyngeal carcinoma ([@A29829R27]). Taken together, it appears that, depending on the context, AP-2α may function as either a tumor suppressor gene or an oncogene.

During functional studies of DLEC1, we suspect that DLEC1 may also play such dual opposing function in cancer cell growth. Thus, the aim of this study was to investigate whether the growth of cancer cells could be stimulated, instead of suppressed when AP-2α is modulated. We established DLEC1 over-expressing stable clones of HCT116, a colorectal cancer cell line, and subsequently examined the growth of these cells with or without the modulation of AP-2α expression. When AP-2α was not modulated, we confirmed that over-expression of DLEC1, as usual, resulted in cell suppression, by cell cycle arrest at G1 in seven clones and by apoptosis in one clone of the HCT116 cells. Furthermore, we found that one isoform of AP-2α, namely AP-2α2, was up-regulated in all DLEC1 over-expressing stable clones compared with vector clones. Perhaps more importantly, when AP-2α2 was knocked down by siRNAs, over-expression of DLEC1 was found to stimulate, rather than suppress, the proliferation of these cancer cells. All together, these findings suggest that DLEC1, besides being a tumor suppressor, may also play a potential role in the survival of cancer cells, depending, at least partly, on AP-2α2 expression level in HCT116 stable clones.

2. Objectives {#sec132157}
=============

The current study was performed to examine the cellular function of DLEC1 in colonrectal cancer cell HCT116 by establishing DLEC1 over-expressing stable clones.

3. Materials and Methods {#sec132166}
========================

3.1. Cell Culture {#sec132158}
-----------------

The human colorectal cancer cell line, HCT116, was purchased from American type culture collection (ATCC) and grown in McCoy's 5A medium (Sigma-Aldrich Corporation) with 10% fetal bovine serum (Invitrogen Corporation, Inc.), at 37°C in a 5% CO~2~ humidified atmosphere.

3.2. Transfection of cells and establishment of stable clones {#sec132159}
-------------------------------------------------------------

DLEC1 expression vector, pcDNA31DLEC1, was constructed previously ([@A29829R6]). The plasmids for cell transfection were isolated and purified using the EndoFree Plasmid Kit (Qiagen), according to the manufacturer's protocol. Cells were transfected by plasmids or siRNAs via Lipofectamine 2000 (Invitrogen Corporation, Inc.) or Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) and OPTI-MEM (Gibco-BRL), respectively, as recommended by the manufacturers. To establish stable clones, 48 hours post-transfection, cells were trypsinized, serially diluted and re-seeded in 96-well plates with media containing 600 µg/mL G418 (GIBCO). Cells in 96-well plates were inspected daily under the microscope. Colonies that were derived clearly from a single cell within a well and survived, after a two- to three-week selection, were expanded by trypsinizing and replating cells in 24-well and then in six-well plates in clonal selection media. Half of the cells from each G418 positive colony were collected to screen the DLEC1 expression by conventional RT-PCR, real-time RT-PCR and Western blot. The other half of the cells was frozen down for storage. DLEC1 expressing clones were selected for further investigation. Meanwhile, stable controls were isolated from cells transfected with an empty pcDNA31 vector, following the same procedure.

3.3. Colony Formation Assay {#sec132160}
---------------------------

Colony formation was carried out as previously described ([@A29829R6]). Briefly, the cells of stable clones were plated in six-well plates with the initial cell number of 0.5 or 1 K in triplicates and cultured in medium containing 600 µg/mL G418 for two to three weeks. The colonies were then fixed by methanol and stained.

3.4. Luciferase Assay {#sec132161}
---------------------

Forty-eight hours post-transfection, luciferase activities were assayed using Dual-Luciferase reporter assay system (Promega) following the standard protocol provided by Promega. Briefly, cells were washed once with Phosphate-Buffered saline (PBS) at room temperature, before lysing in passive lysis buffer. Subsequently, firefly and Renilla luciferase activities were measured by reading luminescence using a luminometer (TECAN), according to the procedures and reagents provided. The relative firefly luciferase activities of each sample were calculated by normalizing the firefly luciferase activity with Renilla luciferase in the same sample to correct for transfection efficiency, and then by standardizing to that from the sample transfected with empty vector control (GAL4).

3.5. Extraction of RNA and Reverse Transcription-Polymerase Chain Reaction {#sec132162}
--------------------------------------------------------------------------

Total cellular RNA was extracted from cells cultured in six-well plates using RNeasy Kit (Qiagen), according to manufacturer's instructions. Traditional RT-PCR ([@A29829R6]) and Real-time RT-PCR ([@A29829R28]) were conducted as previously described, respectively. The used primers are listed in [Table 1](#tbl34115){ref-type="table"} or as described in previous papers ([@A29829R6], [@A29829R29]).

###### List of Primers^[a](#fn36142){ref-type="table-fn"}^

  Gene            Name                   Sequence (5'→3')
  --------------- ---------------------- ----------------------
  **DLEC1**       DLEC1LCF2              CACGGAAGAGGCATCG
  DLEC1LCR2       ATAAGCCGGAAGTAGTGT     
  **Cyclin A2**   CA2F                   TTTGGGGCCTCCTGTCTG
  CA2R            TGCTTCAGACTCCACGGG     
  **Cyclin B1**   CB1F                   TGCTGCAACCTCCAAGCC
  CB1R            GGCACCAGCATAGGTACC     
  **Cyclin D1**   CD1F                   CCATGGAACACCAGCTCC
  CD1R            AAGACCTCCTCCTCGCAC     
  **Cyclin D3**   CD3F                   GCTGCTGTGTTGCGAAGG
  CD3R            CATGGCCAGGGGGAAGAC     
  **Cyclin E1**   CE1F                   ACAGGGATGCGAAGGAGC
  CE1R            AGGGGTCTGCACAGACTG     
  **p21**         P21F                   CACCGAGGCACTCAGAGGA
  P21R            TCGAAGTTCCATCGCTCACG   
  **SP1**         SP1F                   TTGTCCCTCAGCTGCCAC
  SP1R            GGCTGTGAGGTCAAGCTC     
  **SP3**         SP3F                   ATGGCTGCCTTGGACGTG
  SP3R            AATCACCTGTCGCTCCGG     
  **AP2α1**       AP2α1F                 ATATCCGTTCACGCCGATCC
  AP2αR           GGGGGGAAGTATGGGGGCTG   
  **AP2α2**       AP2α2F                 TCGTTACCCCAGACTCTTCG
  AP2 α R         GGGGGGAAGTATGGGGGCTG   
  **AP2γ**        AP2γF                  ACTGGCGACTGTTTTGGGGG
  AP2γR           GGGGGAAAGTAGGGTGGCGG   
  **AP2ε**        AP2εF                  AGCTACCGCACCGTGACCTC
  AP2εR           GGCGGGAAGTAGGGCGGCTG   

^a^Real-time RT-PCR: Conventional RT-PCR.

3.6. Extraction of Protein and Western Blotting {#sec132163}
-----------------------------------------------

Collected cells were suspended in cold radioimmnunoprecipitation assay (RIPA) (1 × PBS, 1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS) and sonicated. Protein extracts were subjected to SDS-Polyacrylamide Gel Electrophoresis (PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore), blocked with 1x PBS buffer containing 0.1% Tween 20 and 5% (w/v) skimmed milk powder and probed with an indicated primary antibody, subsequently with an anti-rabbit or an anti-mouse secondary antibody, and followed by enhanced chemiluminescence detection with SuperSignal West Dura (Pierce Biotechnology, Inc. Rockford, IL) chemiluminescent substrate. Expression of GAPDH or β-actin was used as a loading control. The primary antibodies used were anti-DLEC1 (HPA019077, Sigma-Aldrich), anti-p21 (Santa Cruz Biotechnologies Inc., Santa Cruz, CA, USA), anti-β-actin (Santa Cruz) and anti-GAPDH (Chemicon International Inc., Ternecula, CA, USA).

3.7. Flow Cytometry (FACS) and Cell Proliferation Assay {#sec132164}
-------------------------------------------------------

Experiments were carried out as described previously ([@A29829R6]). Briefly, for cell cycle analysis, all cells were collected and fixed with 70% ethanol overnight, washed with PBS twice and then stained with propidium iodide solution. Cells were filtered before flow cytometry (Epics Elite Esp, Beakman coulter, USA) analysis. The relative cell numbers were analyzed using WinMDI (V2.8) and calculated. To monitor cell proliferation, 1000 cells were plated in 96-well plates and incubated at 37°C for the indicated duration. At the end of incubation, the numbers of viable cells were determined by the standard 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay.

3.8. Statistical Analysis {#sec132165}
-------------------------

Experimental differences were tested for statistical significance using the two-tailed t-test. P values of \<0.05 were considered significant.

4. Results {#sec132171}
==========

4.1. The Transcriptional Regulatory Potency of DLEC1 {#sec132167}
----------------------------------------------------

To determine the potential biological function of DLEC1, we first performed a computer-based functional domain prediction of the DLEC1 protein. Using protein domain prediction programs PROSITE and SPORT II, we found a bipartite nuclear localization signal (NLS) KKELNKKLEDSCRKK at residues 245 - 259. This sequence matches perfectly with the consensus sequence of a typical bipartite NLS, which is composed of two small clusters containing basic amino acids KK and RKK, separated by ten amino acids ([@A29829R30]). Therefore, we speculated that DLEC1 might be a transcriptional factor. Thus, we conducted GAL4-based luciferase assays to determine the transcriptional regulatory activity of DLEC1. According to the computational analysis of the available orthologous DLEC1 amino acid sequences, four potential conserved domains were identified in human DLEC1. Therefore, DLEC1 was divided into four fragments. The full-length DLEC1 open reading frame (ORF) or its four fragments A, B, C, or D was cloned into the pcDNA31GAL4 plasmid to produce GAL4-DLEC1 fusion proteins ([Figure 1 A](#fig25135){ref-type="fig"}). The resulting plasmids were co-transfected with a luciferase reporter construct containing 5x GAL4 binding sites upstream of the firefly luciferase gene. Within transfected cells, the expressed GAL4-DLEC1 fusion protein bound to GAL4 binding sites to regulate luciferase gene expression. By measuring the luciferase activities, we determined the ability of DLEC1 to alter the transcription of luciferase gene. As shown in [Figure 1 B](#fig25135){ref-type="fig"}, we observed only a slight increase of luciferase activity in the cells transfected with the full-length DLEC1 (2.6-fold), and fragments A, B, and D (1.4, 2.0, and 2.3-fold, respectively) as compared with that in the vector control alone (GAL4, [Figure 1](#fig25135){ref-type="fig"}, right). Fragment C did not affect luciferase activity at all. These results indicate that DLEC1 is only able to slightly up-regulate the transcription of the target gene. Therefore, the main function of DLEC1 might not be a transcriptional factor due to the limited induction of transcription level over vector control by full-length ORF of DLEC1 or its derived fragments.

![Transcription Activities of DLEC1\
A, Schematic illustration of the full-length of DLEC1 ORF and its four fragments used in this study. Numbers with arrows denote the boundary nucleotide position in DLEC1 DNA fragments (top); schematic representation of the four peptides encoded by DLEC1 DNA fragments. Numbers with bars depict boundary amino acid residues in DLEC1 protein fragments (bottom); B, Relative luciferase activities affected by DLEC1 and its fragments. HCT116 cells were transiently co-transfected with firefly luciferase reporter plasmid, GAL4-DLEC1 (or fragments) construct and Renilla luciferase plasmid. Relative luciferase activity of each sample was expressed as firefly luciferase activity divided by the corresponding Renilla luciferase activity to correct for transfection efficiency and subsequently standardized to that from the empty vector control (GAL4). All data are presented as mean ± Standard Error (SE) and are representative of one of at least two independent experiments performed in triplicates.](hepatmon-15-11-29829-i001){#fig25135}

4.2. Characterization of DLEC1-Overexpresing Stable Clones in the HCT116 Cell Line {#sec132168}
----------------------------------------------------------------------------------

Given that DLEC1 might not be a transcriptional factor, we aimed to study its function in DLEC1 stable clones of HCT116 cell line. Eight clones with DLEC1 stable over-expression were obtained ([Figure 2 A](#fig25136){ref-type="fig"}) by transfecting cells with the DLEC1 expression construct pcDNA31DLEC1, and screening the G418-resistant clones using conventional RT-PCR and then validating the expression of DLEC1 using real-time RT-PCR and Western blotting. The expression of DLEC1 in these stable clones was variable, with the highest in clone DLEC1-7 and the lowest in clone DLEC1-3, based on real-time RT-PCR ([Figure 2 A](#fig25136){ref-type="fig"}) and Western blotting ([Figure 2 B](#fig25136){ref-type="fig"}). As shown in [Figure 2 C](#fig25136){ref-type="fig"} and [2D](#fig25136){ref-type="fig"}, two DLEC1 stable clones, DLEC1-7, and DLEC1-3, and one vector control clone were used to assess the inhibitory effect of DLEC1 on cell proliferation by colony formation assay. Compared to the vector control, DLEC1 over-expression reduced the number of colonies and the reduction of colonies seemed negatively correlated with DLEC1 expression level, confirming the usual role of cell suppression of DLEC1 in HCT116 cells. Moreover, DLEC1 overexpression suppressed cell proliferation and this suppression was proportional to the DLEC1 expression levels as assessed by MTT ([Figure 2 E](#fig25136){ref-type="fig"}). Therefore, all these clones were subsequently subjected to cell cycle analysis. As shown in [Table 2](#tbl34116){ref-type="table"}, stable expression of DLEC1 resulted in defects in cell cycle, with G1 arrest in seven clones and apoptosis in one clone. Compared with vector controls, the cell fraction accumulation in G1 increased from \~ 45% to \~ 55% in seven clones, and in sub-G1 from \~ 15% to 36% in the remaining one clone. The data were consistent with our previous report of G1 arrest of cell cycle in one stable clone of DLEC1 in HepG2 ([@A29829R6]). These results demonstrated that stable expression of *DLEC1* leads to the suppression of cancer cell growth in both cell lines of hepatocellular carcinoma (HepG2) and colorectal cancer (HCT116), probably due to cell cycle defects, especially G1 arrest.

![Characterization of DLEC1 in Stable Clones\
Stable clones of DLEC1 over-expression were generated by transfection of pcDNA31DLEC1 construct in HCT116. On G418 selection, positive stable clones were verified for DLEC1 expression level by A, Real-time RT-PCR and B, Western Blotting. The relative expression of DLEC1 was expressed as DLEC1 mRNA level divided by GAPDH mRNA level and subsequently normalized against that from the pcDNA31 vector control. DLEC1 over-expression was able to suppress cell proliferation as shown by C, representative colony formation; D, quantification of colony formation and E, MTT assay. The initial plated cell numbers are indicated below. All data are presented as mean ± SE and are one representative of at least two independent experiments performed in triplicates. \*, P \< 0.05.](hepatmon-15-11-29829-i002){#fig25136}

###### Cell Cycle Analysis of DLEC1 Stable Clones

  Variables    Controls   DLEC1-Transfected Stables                                                    
  ------------ ---------- --------------------------- ------ ------ ------ ------ ------ ------ ------ ------
  **Sub-G1**   16.3       11.6                        7.1    10.1   8.2    13.1   6.6    10.1   12.1   36.2
  **G1**       46.3       41.0                        57.6   56.7   54.0   66.4   57.8   56.7   55.5   48.3
  **S**        19.8       26.1                        22.0   18.1   22.3   12.2   18.2   18.1   17.2   8.1
  **G2/M**     17.6       21.3                        12.3   15.1   15.5   8.3    17.4   15.1   15.2   7.4

4.3. The Role of p21 in G1 Arrest {#sec132169}
---------------------------------

Progression of cell cycle is widely known to be negatively regulated by p21, causing G1 arrest ([@A29829R31]). Therefore, we analyzed the expression level of p21 in stable clones. From the eight clones, DLEC1-6, 7, 10, and 11 obviously exhibited higher level of p21 expression as compared to the controls by conventional RT-PCR, and real-time RT-PCR (6 \~ 8-fold), respectively ([Figure 3 A and B](#fig25137){ref-type="fig"}). The increases in p21 level were also confirmed by Western blotting ([Figure 3 C](#fig25137){ref-type="fig"}). Hence, our results suggest that p21 was likely involved in the G1 arrest caused by DLEC1 stable expression, at least in some of the stable clones.

![p21 Expression of DLEC1 Stable Clones\
Cultured stable cells were harvested and RNA or protein was prepared for A, conventional RT-PCR; B, Real-time RT-PCR or C, Western blotting. GAPDH or β-actin was used as a loading control for PCR or Western blot analysis, respectively. The relative expression of p21 was expressed as the p21 mRNA level divided by GAPDH mRNA level and subsequently normalized against that from the pcDNA31 vector control.](hepatmon-15-11-29829-i003){#fig25137}

4.4. The Role of AP-2α2 in Mediation of DLEC1-Regulated Cancer Cell Growth {#sec132170}
--------------------------------------------------------------------------

[Figure 4](#fig25138){ref-type="fig"} further shows that p21 was up-regulated in stable clones DLEC1 -5, -6, -7, -10, and -11, but not in DLEC1-3, -4 and -15. To explore the existence of master regulatory factor(s) that could be up-regulated in all the stable clones, we screened multiple potential factors that have been shown to affect G1 arrest in cell cycle using traditional RT-PCR, including cyclin A1, A2, B1, E1, D1, D2, and D3, and transcriptional factors SP1, SP2 and SP3 as well as all members of the AP-2 family (data not shown for cyclin A1, D2 and SP2 and some members of the AP-2 family). Amongst all the examined factors, we found that only AP-2α2 was up-regulated at varying levels in all stable clones ([Figure 4](#fig25138){ref-type="fig"}). To determine whether the increase of AP-2α2 mediated the cell suppression caused by DLEC1 stable over-expression, we knocked down AP-2α2 expression using siRNAs against AP-2α2 in the highest and lowest DLEC1 expression stable clones, i.e. DLEC1-7 and DLEC1-3, respectively, and one vector control clone. The AP-2α2 siRNAs were shown to effectively knock down the expression of AP-2α2 ([@A29829R32], [@A29829R33]). [Figure 5 A](#fig25139){ref-type="fig"} shows the down-regulation of AP-2α2 by RNA interference in both stable clones and the control using RT-PCR. The expression of AP-2α2 in all these clones was down-regulated to \> 70%, after knockdown by two siRNAs. [Figure 5 B](#fig25139){ref-type="fig"} shows the time-course of cell proliferation by measuring the number of viable cells at different time points after AP-2α2 knockdown. The growth pattern of cells knocked down by scramble (SCR) ([Figure 5 B](#fig25139){ref-type="fig"}, top) was similar to those under normal non-knockdown conditions ([Figure 2 E](#fig25136){ref-type="fig"}), with slowest cell growth in DLEC1-7 clones (highest DLEC1 expression) and fastest growth in the vector control pcDNA31 (lowest DLEC1 expression). The cell proliferation in DLEC1-overexpressing clones was significantly decreased (p \< 0.05) at d5 post-seeding and onwards compared to the vector control clone. This result is consistent with the function of DLEC1 as a tumor suppressor that suppresses cell growth.

![Identification of Factors Involved in G1 Arrest in Cell Cycle\
Stable cells were cultured for extraction of RNA used in conventional RT-PCR analyses with indicated genes. GAPDH was used as an internal control for PCR.](hepatmon-15-11-29829-i004){#fig25138}

![Effects of AP-2α2 Knockdown\
A, Down-regulation of AP-2α2 by siRNAs against AP-2α2; B, relative cellular proliferation; C, cell cycle analyses; and D, alteration of cells in sub-G1 and G1 fractions after the down-regulation of AP-2α2. Stable cells of three clones were transfected with AP-2α2 siRNAs and cells were harvested for analysis after 72 hours (or as indicated). For fluorescence activated cell-sorting (FACS) analysis, transfected cells were harvested, fixed, treated with RNase, and stained by PI. Cells in the sub-G1 phase were regarded as apoptotic cells. The numbers in insets of C indicate sub-G1 (upper) or G1 (lower) percentage of cells. The numbers in D are the comparison results of sub-G1 or G1 in AP-2α2 knockdown samples with respective SCR samples in each stable clones. All data are presented as mean ± SE and are one representative of at least two independent experiments performed in triplicates. \*, P \< 0.05; \*\*, P \< 0.01.](hepatmon-15-11-29829-i005){#fig25139}

Interestingly, we found that AP-2α2 knockdown attenuated relative cell proliferation when compared to its respective SCR knockdown, including the stable clone of the empty vector control (pcDNA31) ([Figure 5 B](#fig25139){ref-type="fig"}). For example, at d6 in the stable clone, pcDNA31, the relative proliferation was -17.5% by siAP2α2-3 (from 20% in SCR to 2.5% in siAP2α2-3) or -14% by siAP2α2-4 (from 20% in SCR to 6% in siAP2α2-4). These data showed that AP-2α2 is required for cell growth, which is consistent with the earlier reports about the role of AP-2α2 in cell survival and proliferation ([@A29829R26], [@A29829R27]). Unexpectedly, the loss of cell proliferation by AP-2α2 knockdown was partially reversed by DLEC1 over-expression in stable clones. At the same time-point in the stable DLEC1-3 clone (lowest DLEC1 over-expression), the relative proliferation was -8% (siAP2α2-3) or -2% (siAP2α2-4), and in DLEC1-7 (highest DLEC1 over-expression) this was 0% (siAP2α2-3) or +6% (siAP2α2-4). The above data indicate that in the absence of AP-2α2, DLEC1 loses its ability to suppress cell proliferation and conversely, stimulates cell growth. It also appears that the stimulation was proportional to the expression level of *DLEC1* in stable clones after AP-2α2 knockdown, suggesting the promoting role of DLEC1 in cell progression in the absence of AP-2α2. Furthermore, cell proliferation in DLEC1-overexpressing clones was significantly increased (P \< 0.05) at d5 post-seeding compared to the vector control clone. Hence, the cells of DLEC1-7 had the fastest, and those of pcDNA31 the slowest growth after AP-2α2 was knocked down by both siRNAs ([Figure 5 B](#fig25139){ref-type="fig"}).

To further investigate the role of AP-2α2 in cell suppression, we analyzed the cell cycle of these three clones after AP-2α2 knockdown. [Figure 5 C](#fig25139){ref-type="fig"} shows the percentages of sub-G1 (top) and G1 (bottom) from each sample. After AP-2α2 knockdown by two siRNAs, the sub-G1 cell fractions increased and G1 decreased in all six samples, including two DLEC1 stable clones and one vector control ([Figure 5 D](#fig25139){ref-type="fig"}), compared with those in SCR. We found that AP-2α2 knockdown, caused obvious cell death in all three stable clones, regardless of the expression level of DLEC1. This observation may explain the loss of cell proliferation shown in [Figure 5 B](#fig25139){ref-type="fig"}, where AP-2α2 knockdown attenuated relative cell proliferation even in the empty vector control (pcDNA31). Moreover, we found that cells in the G1 fraction decreased more in DLEC1 stable clones than those in vector control after AP-2α2 knockdown, especially by siAP2α2-4 ([Figure 5 D](#fig25139){ref-type="fig"}). These data indicate that, opposing to the known function of inducing G1 arrest, DLEC1 is no longer able to increase yet instead to decrease cells in the G1 fraction in the absence of 2α2. It also seemed that more cells were decreased in the G1 fraction with higher DLEC1 expression after AP-2α2 knockdown, suggesting the possible promoting role of DLEC1 in cell cycle progression in the absence of AP-2α2 in HCT116 stable clones.

5. Discussion {#sec132172}
=============

Our and others' previous reports have demonstrated that the tumor suppressor DLEC1 is able to suppress cancer cell growth in vitro and in vivo ([@A29829R2], [@A29829R6]). The present study further confirmed the cell suppression function of DLEC1 by inducing G1 arrest and apoptosis in DLEC1 stable clones in colorectal cancer cell line HCT116. Induction of G1 arrest is a complex process, involving numerous factors. In addition to those tested in our study, others, such as p27 and pRb, also regulate G1/S transition ([@A29829R34]). In this study, we found that over-expression of DLEC1 stimulated the expression of AP-2α2 ([Figure 4](#fig25138){ref-type="fig"}), another tumor suppressor known to induce cell cycle arrest at G1 and apoptosis in various cancers ([@A29829R19]-[@A29829R21]). Therefore, cancer cell suppression by DLEC1 may be mediated through up-regulation of AP-2α2.

Nevertheless, given that DLEC1 is unlikely to be a transcription factor ([Figure 1](#fig25135){ref-type="fig"}), and that AP-2α2 was up-regulated at transcriptional level by DLEC1 over-expression ([Figure 4](#fig25138){ref-type="fig"}), DLEC1 is not likely to directly induce the expression of AP-2α2. At transcriptional level, AP-2α2 has been shown to be up-regulated by transcription factors p53 ([@A29829R35]), Sp1 and Sp3 ([@A29829R36]), BTEB-1 ([@A29829R37]) and enhancer ([@A29829R38]) ETS-1, or down-regulated by AP-2α2 repressor AP-2rep ([@A29829R37]). Hence, these factors could be one of the intermediate proteins between DLEC1 and AP-2α2. Presumably, DLEC1 could regulate these factors by direct interaction to alter their stability or activity, which could in turn result in increased RNA of AP-2α2. Interestingly, DLEC1 is a large protein with 1755aa and approximate molecular weight of 170 kD. Large proteins usually function as an assembly framework of protein complexes because they generally have multiple domains, which are potentially capable of binding various interaction partners ([@A29829R39]). Therefore, DLEC1 might contain certain conserved and interactive domains, which need to be further identified. The identification of these domains would greatly help the understanding of the physiological roles for DLEC1.

On the other hand, our results further showed that cell proliferation was suppressed ([Figure 5](#fig25139){ref-type="fig"}B) and more dead cells were detected ([Figure 5 C](#fig25139){ref-type="fig"} and [5D](#fig25139){ref-type="fig"}) after knockdown of AP-2α in all HCT116 stable clones, including the vector control. Therefore, our current results support that AP-2α is essential for cell proliferation. Consistent with this finding, some evidences have indicated that AP-2α can act like an oncogene and might be required for cell survival and proliferation. Shi et al. recently reported that knockdown of AP-2α gene expression by siRNA dramatically suppresses cancer cell growth in vitro and in vivo ([@A29829R27]), suggesting the requirement of AP-2α for cell proliferation. To account for the balance between cell survival and cell death, proposals for dual regulation of cellular homeostasis by AP-2α have been suggested with both activation and inhibition of apoptotic signaling pathways, possibly depending on the cell type ([@A29829R40]), specific AP-2 isoforms, the ratio between isoforms in the AP-2 family and/or the ratio between isoform and AP-2-modulating factors in cells ([@A29829R41]). Therefore, the dual opposing function nature of AP-2α2 could also imply similar properties of DLEC1 provided that AP-2α2 is an important downstream effector of DLEC1 in HCT116.

Previous studies have demonstrated that besides AP-2α2, certain other gene products can also work in this dual function manner. One example is CCAAT/Enhancer Binding Protein β (C/EBPβ), a basic leucine-zipper transcription factor. The C/EBP is involved in the regulation of genes in energy homeostasis, differentiation, proliferation, immune functions, female reproduction, tumorigenesis, and apoptosis. Conversion of C/EBPβ from a transcriptional repressor to an activator is contingent upon phosphorylation of a MAPK site by Ras oncoprotein accompanied by conformational change ([@A29829R42]). Another example is Sp3 (speciﬁcity protein 3), a zinc-ﬁnger DNA-binding domain transcription factor. Sp3 executes the dual function of both transcriptional activation and repression in a sumo-dependent manner. Sumoylation of Sp3 is one of the main regulatory events controlling the activity of this transcription factor and is thus potentially the molecular switch that determines Sp3 to function as an activator or a repressor ([@A29829R43]). Similarly, in the case of DLEC1, AP-2α2 appears to be a molecular switch to govern the cell suppression or proliferation function of DLEC1. Furthermore, DLEC1 suppresses cancer cell growth in the presence of AP-2α2 and could promote cell growth and/or cell cycle progression in the absence of AP-2α2 in HCT116. Additional investigations are needed to confirm cell survival function of DLEC1 and define the molecular mechanism(s) by which DLEC1 contributes to cell survival.

In summary, as described above, the data from HCT116 stable clones show that compared to the empty vector control, DLEC1 over-expression resulted in cell suppression and increased expression of AP-2α2. However, after AP-2α2 knockdown by siRNAs, DLEC1 became unable to suppress cell growth and increase cells in the G1 fraction. Instead, it stimulated cell growth and decreased cells in the G1 fraction. Therefore, we can conclude that DLEC1 could be a suppressor of cell proliferation in the presence of AP-2α2 as well as a promoter of cell growth and/or cell cycle progression in the absence of AP-2α2 in HCT116. Such dual function of DELC1 may provide important insights for the understanding of the physiological role of DLEC1, especially the function in cell survival, which would reveal possible new targets for therapeutic interventions.
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